The large-scale adoption of electric vehicles in the public sector is essential for achieving emission reduction targets for transportation. In particular, the replacement of buses with internal combustion engines, which travel long distances and produce massive greenhouse gas emissions, by their electric counterparts can drastically reduce emissions. A variety of electric buses with different power supply systems are currently available, and their performance, charging type, battery capacity, and operating environment are related parameters that must be addressed for their successful and massive adoption. For instance, the appropriate charging type of electric buses depends on conditions, such as the operating environment. In this study, we determined the optimum capacity of electric bus batteries by considering the electric bus range, battery depth of discharge, and deterioration cost while using ADVISOR, which is a MATLAB-based electric vehicle simulator. In addition, we assessed the energy consumed and charging time according to the operating environments of electric buses. Finally, an economic efficiency analysis allowed for determining the appropriated charging type for electric buses. By integrating these data and analyses, we propose a comprehensive plan for selecting the most appropriate charging type according to the operating environment of these electric vehicles. We expect that the proposed plan will contribute to the adoption of electric buses and achieve the greenhouse gas reduction targets set by South Korea.
Introduction
The interest in environmental issues is increasing, owing to CO 2 emission control reinforcement and the concerning greenhouse gas emissions that is caused by intensive fossil fuel use. The transportation sector accounts for a large proportion of fossil fuel consumption, and global efforts target to the adoption of electric buses for public transportation to reduce the related emissions [1] [2] [3] [4] .
In major Asian and European cities, electric vehicles with much lower CO 2 emissions than those of conventional internal combustion engine vehicles are being employed for urban transportation [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Although the high initial cost of electric vehicles remains a major obstacle to their widespread use, their application is promoted by European companies and is mainly fostered by Chinese automakers. In fact, China is currently the top worldwide producer and consumer of electric vehicles, including buses, taxis, and trucks. Moreover, it is becoming the world leader in key technologies and market for electric vehicles. Accordingly, Beijing will replace 80% of its conventional buses by electric buses by 2019 and it provides purchase subsidies for electric buses and operating subsidies up to RMB 80,000 per year. Besides China, the United States (US) and Europe are developing and producing electric vehicles with varying performance, and the penetration of electric vehicles into the public sector is being promoted through government funding and incentive policies [16] .
Likewise, many studies on electric vehicles have been conducted in South Korea, and various efforts pursue the increased utilization of such vehicles. For instance, plug-in charging electric buses have been introduced into city bus routes since November 2016 [3] . Moreover, small-scale electric-bus demonstrations have been conducted, and many local governments, including the Jeju Island government, are actively pursuing the use of electric buses. Similarly, Daegu City has been performing a demonstration project for electric taxi adoption since 2016 aiming to become a leading city for electric vehicles and intends to distribute 2000 electric vehicles by 2020.
According to the International Energy Agency, the main obstacles for the widespread adoption of electric vehicles include high purchase prices, shortage of charging infrastructure, and battery service life. These factors must be considered for the successful introduction of electric vehicles into the public sector [16] , and various studies have been conducted to realize this objective. For instance, analyses of charging infrastructure placement have been developed to minimize the total installation costs of electric bus charging stations [17] [18] [19] . However, the proposed analyses are limited because all of the electric buses are assumed to have the same charging type. On the other hand, meta-heuristic solutions using approaches, such as genetic algorithms, have been delivered for constructing charging infrastructure for electric vehicles [11, [20] [21] [22] [23] . Still, these solutions can only be applied under specific conditions, although the distance between charging locations was optimized and the charging infrastructure cost was minimized. Chan [24] performed a feasibility assessment considering the technical limitations of electric buses, but assumed that the electric buses are charged with equal capacity during the same period.
Depending on the charging type, electric buses present different advantages and drawbacks. In addition, parameters such as performance, battery capacity, and operating environment of electric buses are related and must be considered for their deployment and adoption. Therefore, the proper charging type must be selected according to these parameters to enable the widespread adoption of electric buses in the public sector. In this paper, we determine the optimum capacity of electric bus batteries by considering the electric bus range, depth of discharge (DOD), and deterioration cost of batteries by using the MATLAB-based vehicle simulation program ADVISOR. From this analysis, we extend our evaluation considering energy consumption and charging time according to the operating environment of electric buses. Then, an economic efficiency analysis allows us to determine the appropriate charging type for electric buses. Using these insights and data, we propose a plan for selecting the proper charging type according to the operating environment of public service electric buses. We expect that this plan will contribute to the large-scale adoption of such vehicles and to the greenhouse gas reduction targets that are set by South Korea. The rest of this paper is organized as follows. In Section 2, we describe electric vehicle characteristics by charging type. Section 3 presents estimation of electric bus battery characteristics. Section 4 details public service electric bus analyses. Finally, we discuss our findings in Section 6.
Electric Vehicle Characteristics by Charging Type
Electric buses can belong to three categories depending on the charging type: plug-in charging, battery swapping, and wireless charging. The cost of plug-in charging facilities is the lowest and simplest among the charging types, because the vehicle battery is charged by using an electric plug. However, plug-in charging is very slow and additional electric buses would be required to maintain the bus headway.
A battery-swapping electric vehicle is supplied from a detachable battery that is mounted on it, avoiding the necessity of additional buses as the battery can be replaced in a very short time. However, the infrastructure construction costs that are associated with this type of vehicle are the highest among the presented charging types. To mitigate this economic impact, the charging stations can be installed at the intersections of multiple routes to distribute the construction costs over the operation rate of the routes.
A wireless-charging vehicle transforms the electromagnetic field generated by the electric wires buried under the road into electrical energy by employing a current collector mounted underneath the vehicle. Therefore, battery charging can be achieved while driving the electric vehicle. This technology has not been implemented yet, but research suggests it as a promising solution. Wireless charging can be either has dynamic or static, where the former allows for charging the battery while driving, whereas the latter requires the vehicle to remain stationary while charging. Despite its convenience, dynamic charging retrieves a lower efficiency than static charging. Therefore, as electric buses travel long distances, static wireless charging would be preferred. In fact, static wireless charging of electric buses is currently being operated and tested on the city bus in Gumi, South Korea. Pilot lines operating with this technology have demonstrated the accelerated energy supply for electric buses [25] . Nevertheless, the infrastructure construction costs of wireless charging are higher than those of plug-in charging, and additional electric buses are required to maintain the bus headway given the slow charging. Table 1 summarizes the characteristics and the Korean specifications of electric buses with fixed battery capacity (100 kWh), according to the charging type [26] . A wireless-charging vehicle transforms the electromagnetic field generated by the electric wires buried under the road into electrical energy by employing a current collector mounted underneath the vehicle. Therefore, battery charging can be achieved while driving the electric vehicle. This technology has not been implemented yet, but research suggests it as a promising solution. Wireless charging can be either has dynamic or static, where the former allows for charging the battery while driving, whereas the latter requires the vehicle to remain stationary while charging. Despite its convenience, dynamic charging retrieves a lower efficiency than static charging. Therefore, as electric buses travel long distances, static wireless charging would be preferred. In fact, static wireless charging of electric buses is currently being operated and tested on the city bus in Gumi, South Korea. Pilot lines operating with this technology have demonstrated the accelerated energy supply for electric buses [25] . Nevertheless, the infrastructure construction costs of wireless charging are higher than those of plug-in charging, and additional electric buses are required to maintain the bus headway given the slow charging. Table 1 summarizes the characteristics and the Korean specifications of electric buses with fixed battery capacity (100 kWh), according to the charging type [26] . 
Estimation of Electric Bus Battery Characteristics

Battery DOD Range Estimation
The International Energy Agency stated battery service life as a major obstacle to the proliferation of electric vehicles. Therefore, this aspect must be thoroughly investigated to the widespread commercialization of electric buses. In addition, the related DOD determines the battery capacity that can be used during the service life, with the largest usable capacity being preferred. Figure 1 shows the tradeoff between the service life and DOD of a lithium-ion battery. Note that reducing the DOD to extend the service life also reduces efficiency, because the total usable capacity of the battery decreases. Therefore, the battery degradation cost should be minimized, while ensuring a high DOD by using the following relation [27] :
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(1) Figure 2 depicts the battery degradation cost for cycling within a specific state of charge (SOC) range. We analyzed the degradation cost using the DOD-cycle graph in Figure 1 . Alternatively, lithium-titanate batteries can avoid the shortcomings of lithium-ion batteries in aspects, such as service life, safety, charging time, transfer speeds, and operation under extreme temperatures Moreover, lithium-titanate batteries provide stable charging and discharging performance, being suitable for electric buses. However, their price is 30% higher than that of lithium-ion batteries. In this study, we considered a lithium-ion battery price of $273/kWh with discharge efficiency of 0.97. In addition, an appropriate DOD is 75% while considering battery degradation [28, 29] .
reducing the DOD to extend the service life also reduces efficiency, because the total usable capacity of the battery decreases. Therefore, the battery degradation cost should be minimized, while ensuring a high DOD by using the following relation [27] : Figure 2 depicts the battery degradation cost for cycling within a specific state of charge (SOC) range. We analyzed the degradation cost using the DOD-cycle graph in Figure 1 . Alternatively, lithium-titanate batteries can avoid the shortcomings of lithium-ion batteries in aspects, such as service life, safety, charging time, transfer speeds, and operation under extreme temperatures Moreover, lithium-titanate batteries provide stable charging and discharging performance, being suitable for electric buses. However, their price is 30% higher than that of lithium-ion batteries. In this study, we considered a lithium-ion battery price of $273/kWh with discharge efficiency of 0.97. In addition, an appropriate DOD is 75% while considering battery degradation [28, 29] . 
Battery Capacity Estimation
We estimate battery capacity while considering the all-electric range (AER), battery DOD, and other vehicle specifications by using Equation (2), and energy consumption considering electric motor characteristics and other parameters that are specified in Table 2 by using Equation (3) [30] . We analyzed the battery capacity according to the electric bus AER while using ADVISOR, the vehicle simulator that allows for analyzing energy consumption based on bus drive cycles and calculate the corresponding capacity of electric bus batteries [31] . Specifically, the Orange County bus cycle (OCC) test was conducted using actual bus operating data, retrieving the results shown in Figure 3 for velocity, motor torque, and SOC for a test cycle. The electric bus AER was considered to be 80 km, following the specification of the Ministry of Environment. Table 3 summarizes the battery capacity results that were obtained from ADVISOR. 
We estimate battery capacity while considering the all-electric range (AER), battery DOD, and other vehicle specifications by using Equation (2), and energy consumption considering electric motor characteristics and other parameters that are specified in Table 2 by using Equation (3) [30] . We analyzed the battery capacity according to the electric bus AER while using ADVISOR, the vehicle simulator that allows for analyzing energy consumption based on bus drive cycles and calculate the corresponding capacity of electric bus batteries [31] . Specifically, the Orange County bus cycle (OCC) test was conducted using actual bus operating data, retrieving the results shown in Figure 3 for velocity, motor torque, and SOC for a test cycle. The electric bus AER was considered to Table 3 lists the appropriate battery capacity for the selected AER. Alternatively, the battery capacity can be calculated while considering the DOD by
which retrieves a battery capacity of 144 kWh for 75% DOD at the cost shown in Figure 2 .
Public Service Electric Bus Analyses
Operating Enironment
The operating environment of electric buses is the same as that of the existing compressed natural gas (CNG) buses, but the battery charging time must be considered given energy consumption during operation. To provide a similar service, additional buses are required to compensate for the battery charging time and to maintain the route headway. We estimate the charging time and number of required buses according to the battery energy consumption and operating environment. Table 3 lists the appropriate battery capacity for the selected AER. Alternatively, the battery capacity can be calculated while considering the DOD by
which retrieves a battery capacity of 144 kWh for 75% DOD at the cost shown in Figure 2 . 
Public Service Electric Bus Analyses
Operating Enironment
The operating environment of electric buses is the same as that of the existing compressed natural gas (CNG) buses, but the battery charging time must be considered given energy consumption during operation. To provide a similar service, additional buses are required to compensate for the battery charging time and to maintain the route headway. We estimate the charging time and number of required buses according to the battery energy consumption and operating environment.
The energy that is consumed during electric bus operation can be determined from the battery discharge:
where fuel efficiency α includes the passenger and cooling/heating ratios at time t. The electric bus charging time is defined as the time required to restore the electrical energy consumed during operation and can be calculated based on the SOC, as
When the charging time is longer than the headway, additional electric buses are required to maintain a similar operating environment to that of CNG buses. The number of additional electric buses can be calculated as
Economic Efficiency Analysis
We employ an economic efficiency analysis to determine the feasibility of an investment project on electric buses by measuring the costs and benefits to obtain the resulting economic return. This analysis considers the benefit-cost ratio (B/C ratio), net present value (NPV), and internal rate of return (IRR). Both the NPV and IRR are similar measures to assess a project whose costs and benefits vary over time. Still, the IRR provides neither the support for decision-making nor results corresponding to various alternatives. Therefore, the NPV is regarded as a more appropriate measure in terms of project assessment. We consider the NPV to analyze the economic efficiency of electric bus operation, as follows:
where the cost is calculated as
which comprises the vehicle purchase and infrastructure construction costs as initial costs, and the maintenance and battery replacement costs as operating costs. Equations (10) and (11) show that the actual vehicle purchase considers the vehicle subsidy, and the maintenance cost can be obtained as a fraction of the infrastructure construction cost from the third year:
Sustainability 2018, 10, 3386
of 16
In addition, we assume the overhead and personnel costs to be $36 × 10 3 per year, and calculate the battery replacement cost while using Equation (12) , which indicates the period of battery replacement to be considered in the analysis:
The total benefit is given by the sum of the energy and maintenance cost savings when compared to the CNG buses and the fare profit:
Finally, the annual profit from the electric bus fare can be expressed as
Case Study
Scenario and Data
In this study, we estimated the battery capacity considering the battery DOD range and degradation cost applied to public service electric buses. In addition, we determined the number of additional electric buses that are required to preserve the headway of existing CNG buses. This estimation considered the electric bus charging time, energy consumption analysis, and operating environment. From these results, we determined the proper charging type and economic efficiency analysis for bus routes 518, 708, and Express 5 in Daegu City, South Korea, as depicted in Figure 4 . We then evaluated several intersecting routes from the city.
The economic efficiency analysis was conducted on plug-in-charging, battery-swapping, and wireless-charging vehicles. We set the discount rate to 5.5% and the analysis period to 20 years and considered the battery capacity of 144 kWh and charging power of 200 kW, as detailed in Section 3. In addition, we set the velocity of the electric bus to the average for city buses of 20 km/h. Table 4 describes the daily operating environment of each route depicted in Figure 4 . For this case study, we determined that routes 518 and Express 5 would require two additional electric buses per route to provide a similar service to that of the existing CNG buses.
The fuel efficiency listed in Table 5 considered the passenger and cooling/heating ratios at different times to determine the energy consumption of operating electric buses while using Equation (5) .
degradation cost applied to public service electric buses. In addition, we determined the number of additional electric buses that are required to preserve the headway of existing CNG buses. This estimation considered the electric bus charging time, energy consumption analysis, and operating environment. From these results, we determined the proper charging type and economic efficiency analysis for bus routes 518, 708, and Express 5 in Daegu City, South Korea, as depicted in Figure 4 . We then evaluated several intersecting routes from the city. The economic efficiency analysis was conducted on plug-in-charging, battery-swapping, and wireless-charging vehicles. We set the discount rate to 5.5% and the analysis period to 20 years and considered the battery capacity of 144 kWh and charging power of 200 kW, as detailed in Section 3. In addition, we set the velocity of the electric bus to the average for city buses of 20 km/h. Table 4 describes the daily operating environment of each route depicted in Figure 4 . For this case study, we determined that routes 518 and Express 5 would require two additional electric buses per route to provide a similar service to that of the existing CNG buses. Then, economic efficiency analyses were performed by determining the energy consumption, charging time, and number of additional electric buses that are required according to the electric bus operating distance and headway. The detailed costs are shown in Table 6 . In addition, we determined the annual benefit of each bus due to the fare to be $2.88 million, and the annual energy and maintenance cost savings due to electric bus operation to be $473,000. We calculated the fare in Daegu City by reflecting the annual discount rate of 5.5% [32] . 
Economic Efficiency Analysis Per Route
We analyzed each of the three routes in Daegu City depicted in Figure 4 to determine the economic efficiency of electric buses according to the operating distance and headway by charging type, obtaining the results that are shown in Figure 5 . The CNG buses initially exhibit the highest B/C ratios because the only infrastructure costs belong to maintenance, whereas electric buses incur heavy initial construction costs. However, along the analysis period of 20 years, the economic efficiency increases for plug-in charging, followed by battery swapping and wireless charging in route 518, outperforming that of CNG buses. Similarly, the economic efficiency increases reaching the highest B/C ratio for plug-in charging, followed by wireless charging and battery swapping in route 708. Route Express 5 has more buses and shorter headways than route 708, and plug-in charging and battery swapping show the same B/C ratio, being slightly higher than that of wireless charging. Therefore, the charging type selection can vary even under the operating environment depending on various characteristics, such as the charging time, operating distance, and initial infrastructure investment. 
Economic Efficiency Analysis for Intersecting Routes
We conducted a similar economic efficiency analysis on other operating routes intersecting at stop A (see Figure 4) in Daegu City. We considered the operating ratio of each route, whose characteristics are summarized in Table 7 . Table 7 . Daily operating environment by existing CNG buses for routes intersecting at stop A in Figure 4 . 
Route
Economic Efficiency Analysis for Intersecting Routes
We conducted a similar economic efficiency analysis on other operating routes intersecting at stop A (see Figure 4) in Daegu City. We considered the operating ratio of each route, whose characteristics are summarized in Table 7 . We used the data in Table 7 to determine the economic efficiency of electric buses over the analyzed period of 20 years when considering the headway by charging type. Figure 6 shows the results of the economic analysis on a composite route. Battery swapping minimizes the initial infrastructure construction cost because the necessary infrastructure can be installed at the route intersection. Therefore, we applied $32 million, which is the initial infrastructure construction cost of battery swapping, to the operating ratio of each route at stop A to conduct the economic efficiency analysis. The battery-swapping vehicles exhibit the highest economic efficiency for all of the routes intersecting at stop A. However, for routes 651, 708, 808, and Buk-gu 3, which have relatively lower operating ratios at stop A, the B/C ratios of battery swapping are similar to those of plug-in charging, as shown in Figure 6 and detailed in Table 8 .
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We used the data in Table 7 to determine the economic efficiency of electric buses over the analyzed period of 20 years when considering the headway by charging type. Figure 6 shows the results of the economic analysis on a composite route. Battery swapping minimizes the initial infrastructure construction cost because the necessary infrastructure can be installed at the route intersection. Therefore, we applied $32 million, which is the initial infrastructure construction cost of battery swapping, to the operating ratio of each route at stop A to conduct the economic efficiency analysis. The battery-swapping vehicles exhibit the highest economic efficiency for all of the routes intersecting at stop A. However, for routes 651, 708, 808, and Buk-gu 3, which have relatively lower operating ratios at stop A, the B/C ratios of battery swapping are similar to those of plug-in charging, as shown in Figure 6 and detailed in Table 8 . Figure 6 . B/C ratio analysis in composite route. 
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Economic Efficiency Analysis by Operating Environment
We determined the NPV according to the driving distance and headway while using the parameters in Tables 4 and 5 . The NPV results by charging type are depicted in Figure 7 considering the deployment of 100 electric buses. The color map in Figure 7a -c shows the intensity of NPV benefit. As shown in Figure 7d , each charging type retrieves different benefit. Area 1 represents no economic benefit of any charging type, as the distance is very short. Areas 2 to 4 indicate plug-in charging, wireless charging, and battery swapping as the most beneficial charging type, respectively. The data in Table 4 lay within area 4, and the economic benefit differs slightly depending on the interval and length of the route. Therefore, the proper charging type differs, even for the same electric bus operating environment depending on various characteristics, such as the usage and operating distance.
wireless charging, and battery swapping as the most beneficial charging type, respectively. The data in Table 4 lay within area 4, and the economic benefit differs slightly depending on the interval and length of the route. Therefore, the proper charging type differs, even for the same electric bus operating environment depending on various characteristics, such as the usage and operating distance. We conducted economic efficiency analyses for single and composite routes and different charging types of electric buses. For the single routes, plug-in charging with its relatively lower infrastructure construction costs provides the highest economic efficiency. However, for route We conducted economic efficiency analyses for single and composite routes and different charging types of electric buses. For the single routes, plug-in charging with its relatively lower infrastructure construction costs provides the highest economic efficiency. However, for route Express 5, which has a high operating ratio, battery swapping vehicles yield similar B/C ratios to plug-in charging. For composite routes, battery swapping provides the highest economic efficiency over the analyzed period of 20 years, because infrastructure construction costs can be greatly reduced according to the operating ratio of each route by installing battery swapping facilities at the intersection of multiple routes. Overall, we found that the most suitable charging type depends on the operating environment of the route, confirming that it is necessary to consider the electric bus routes and characteristics when designing electric bus charging infrastructure.
Discussion
For the large-scale adoption of electric vehicles in the public sector, it is necessary to select proper charging types and locations and develop charging infrastructure according to the operating environment. In fact, each charging type presents different advantages and drawbacks for electric buses, and parameters, such as performance, battery capacity, and operating environment are closely related and must be considered for proper infrastructure design. Moreover, the operating environment must be analyzed to determine the proper charging type and enable the widespread introduction of electric buses. In this study, we thoroughly analyzed charging types of electric buses and obtained charging infrastructure plans according to the operating environment and related parameters of public service electric vehicles.
Our economic efficiency analyses considered a project period of 20 years and both single and composite routes. For single routes, economic efficiency increased the most for plug-in charging, followed by battery swapping and wireless charging while considering the operating environment of each route. Battery swapping was more economically efficient than plug-in charging for routes with higher operating ratios. On the other hand, for composite routes, the infrastructure construction costs could be distributed according to the operating ratio of each route by installing battery-swapping facilities at the route intersections. Consequently, battery swapping yielded the highest economic efficiency for the composite routes. Overall, we found that the proper charging type can differ even for the same electric bus operating environment, depending on a variety of characteristics, such as charging time, operating distance, and initial infrastructure investment.
The obtained selection of charging types for different operating environments of electric buses will contribute to the adoption of this eco-friendly technology and provide the most economically feasible charging method according to each route. The long-term implications of efforts, such as this study, will lead to the replacement of internal combustion engine buses with electric buses to reduce greenhouse gas emissions and achieve environmental goals.
In future research, we will conduct additional analyses of infrastructure plans according to the operating environments of public service electric vehicles. In addition, we will investigate the use of electric vehicle batteries for energy storage based on vehicle-to-grid systems. Furthermore, we will analyze the influence of different power systems and stabilization strategies to facilitate the stable operation and proliferation of general-purpose electric vehicles. 
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